Towards laser based improved experimental schemes for multiphoton e + e pair 

production from vacuum. 

I. Ploumistakist, S. D. Moustaizis''', and I. Tsohantjis-!-, 
Technical University of Crete, Department of Sciences, 
^Institute of Matter Structure and Laser Physics, 
^Division of Mathematics 
Ghania GR-73100, Crete, Greece 
(Dated: July 15, 2009) 

Numerical estimates for pair production from vacuum in the presence of strong electromagnetic 
fields are derived, for two experimental schemes : the first concerns a laser based X-FEL and 
the other imitates the E144 experiment. The approximation adopted in this work is that of two 
level multiphoton on resonance. Utilizing achievable values of laser beam parameters, an enhanced 
0^ ' production efficiency of up to 10 11 and 10 ls pairs can be obtained, for the two schemes respectively. 
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I. INTRODUCTION 



Electron-positron pair production from vacuum breakdown in the presence of strong electromagnetic fields is one 
r— i of the most interestingnon-linear QED phenomena and at the same time a rich area of theoretical and experimental 
1 investigations [H 0, 0,13, 0, El S HI- Recently the possibility for an experimental verification of the phenomenon is 
^p" 1 , plausible due to the rapid development of ultra- intense laser facilities [lj, [H, HH . The first steps on the theoretical 
O : treatment of the phenomenon can be found [l[, but Schwinger Q was the first that examined it thoroughly. By the 
implementation of the proper time method Schwinger obtained the following conditions for pair creation to occur 

: The invariant quantities T =\F^F^ = -\{t 2 - c 2 B 2 ^, Q =\F^F^ = c£ ■ B, where F^ and F MV = \e^ a p 

F a P are the electromagnetic field tensor and its dual respectively, must be such that neither T =0 , Q =0 nor T >0 
, Q =0. These restrictions are for example satisfied close to the antinodes of a standing wave or at the region of 
a focused laser beam. In order to have sizable effects the electric field strength must exceed the critical value £ c 
••/"") . = ~ 1.3 x 10 18 V/m which corresponds to focal laser intensities of the order of 10 29 W/cm 2 and above. Such 
laser intensities can be reach in the very near future from facilities such as [14], [2§|, [3(| and XFEL [18]. Brezin and 
Itzykson [3[ and soon after Popov Q used multiphoton atom ionization technics such as the imaginary time method 
' [f| |i| [l(| showed that the probability of pair creation over a 4- Compton volume can be obtained as 

q ; w p = Wn w 

n>n 



With the parameter of the theoretical treatments being 7 = mcui/e£ = Hu>£ c /mc 2 £ , which is the equivalent of Keldysh 
parameter, the two important areas 7 <C 1 (high electric field strength and low frequency, where the adiabatic non- 
perturbative tunneling mechanism dominates) and 7> 1 (low electric field strength and high frequency, multiphoton 
mechanism), lead respectively to the following number of pairs N(t) [6| : 



N(r) = 2- 3 / 2 n^/£ c )iexp(-^(l-— ^))^r/2n), 7 «1 

2 (-of) 

N(t) « 2nn 3 /2 f^J (wt/2tt), 7>1 

with t being the pulse duration and no = 2mc 2 /Hlj. The first experimental verification of e~e + pair production took 
place at SLAC ( E-144 experiment) [l8[ . Highly energetic electrons (maximum 46.6GeV) underwent nonlinear Compton 
scattering with n laser photons (of A =527nm, u> = 2.35eV and laser pulses of energy 500mJ ), e + nuj — > e' + u>' , 
producing backscattered photons u' of 27— 30GeV which then collide with the laser photons to produce e~, e + 
pairs, via the multiphoton Breit -Wheeler mechanism, uj 1 + ncu — > e _ e + . The number of positrons measured in 21962 
laser pulses was 175 ± 13 for a n = 5.1 ± Q.2(statistical)~}l ' ^(systematic) multiphoton order process, a result that is in 
very good agreement with the theory. These results have been shown in [201 ] to be obtained also from Popov's theory. 
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In a recent paper Avetissian et al [19( treated e~e + pair production in a standing wave A = 2AoCOSwi formed by 
oppositely directed laser beams of plane transverse linearly polarized electromagnetic waves of frequency u, using a 
two level on resonance multiphoton approximation [n| [20, . The main difference between this approach and the 
previous one is the condition of resonance, which as shown in the detailed investigation presented in |2~il. I22I I23I l24j . 
can lead to very high production efficiency. The probability density of pair creation for the case of oscillating electric 
field, is given in relation (33) in [19]. This approximation will be considered in the rest of the paper. Following (l9l. l2ll] . 
taking the momentum of the created electrons (positrons) to be p = (p x = pain9,p y = pcos#,0), where 9 is angle 
between Ao (lying on the Oy axis) and p, the probability density w n oajid the number of pairs created No at angle 
8 = (where both maximize) for an nth order process are respectively given by [2ll . I22I [23j 

w na = ^- 2 fl,{n^-Am"Y (2) 



N ° = ^Vt=— — — —f n0 (3) 

In deriving $2$ and the resonance condition 

n = 2E/hw = 2qmc 2 /huj, q>l (4) 

has been used and 

^- 

£ ~ — is the relativistic invariant parameter given by 

£0 is the amplitude of one incident wave and £ < 1 for the approximation to hold. V e = 7.4 x 10 _59 m 3 s is the 
4-Compton volume of the electron, V ~ <r 2 l is the interaction volume, r is the pulse duration, a is the cross section 
radius and I <C A the electromagnetic wavelength [19j, l2l(. Finally since in the Bessel function J„ (x), x ~ n, the 

approximation J n (n secha) = (\j\/1-Kn tanha) (a = sec/i~ 1 (^ — -^j )) has to be used giving, 

1/9 exp (n tanh a — na) . . 

f n o = j(q 2 -l) 2 nf^ P ) (6) 
^ V Zirn tanh a 

As shown in [2l[, relation ([3]) leads to very good estimates for the theory both when higher harmonics are im- 
plemented and when the range of its applicability is examined. For example for a Nd-Yag laser with lo = \.17eV, 
X = lam, intensity 1.35 x l0 22 W/m 2 , r ~ 10~ 14 s , a ~ lCP 5 m, I = 0.1A, the fifth harmonic can create approximately 
up to 10 12 pairs for n ~ 10 5 , provided that the electric field strength does not exceed the order of 10 13 V/m. 

In section two that follows we present the use of a table top laser based X-ray Free Electron Laser scheme for pair 
creation and in section three a scheme analogous to the one used in the E-144 experiment. The aim of this paper is to 
emp hasize the advantages of using such schemes for the experimental observation of the on resonance approximation 
[l9L [2~j| , as they can be realized in well equipped laboratory and can provide satisfactory results which we will show 
on our numerical estimations that will follow. One should mention that the following two setups allow the increase 
of electric field strength £ with a simultaneous increase of w, so that £ remains < 1, as it is essential for the validity 
of the multiphoton on resonance approximation. 



II. PAIR CREATION USING LASER BASED X -FEL SYSTEM 



In this section we investigate the use of what one could call a table top laser based X-ray Free Electron Laser for 
electron positron pair creation. Such system is similar to a standard X -FEL system [l7T ] with the main difference 
between the two to be the electron beam creation and acceleration mechanism. The table top XFEL utilizes a 
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relativistic electron beam produced and accelerated by a high intensity (~ 10 20 — 10 21 W/cm 2 ) ultrashort laser beam(25l. 
IHjHSIlll- Then the electron beam propagates through a wiggler system and X- ray beam is created. Generation of 
such relativistic electron beam from a laser source can be achieved by interaction with a solid or gas target and is a 
wide field of research. For our purposes we consider a laser system with intensity of 10 21 W/cm 2 and pulse duration 
20/s - 30/s. Recent experiments [25|, [26|, [23, HH have confirmed that the accelerated electron beam can reach energies 
Eebeam close to lGeV and charge close to InCb, but is expected that in the near future this charge will become 
available. This beam enters an undulator with period X u and after the interaction with the magnetic field in it, X-ray 
photons of wavelength 



A 



A u 



(7) 



■■). The undulator period for our scheme is A u = 5mm 



will be produced, where is the relativistic factor (7^ = - 
but it can be adjusted depending on the X ray photon wavelength we wish to produce. 

Using ([7|) for E e b ea m = lGeV we obtain X-ray beam wavelength A = 0.65nm, which corresponds to photon energy 
uj = 1.909KeV. Two opposite directed X-ray beams form a standing wave to a circular spot area of radius a = lOOnm. 
The interaction 4-volume in which pair creation takes place is taken as V — <t 2 (0.1A)t, where r = 100/s. We also 
assume that the conversion efficiency of the electron beam energy to X-ray photons is about 10% and given the power 
of the electron beam P e beam = 1 X 10 13 VF, we obtain the energy of the X-ray beam Eb = 0.1J. As in [2l[,with the 
above parameter values, we firstly investigate, using §3§ the dependence of pair number Nq to q (electron rest mass 
units). The result is presented in Figure 1, where the envelope of N Q (q) is plotted, for £ = 0.9532. This optimum 
choice of £ (leading to high production efficiency) , is dictated by energy conservation between the X-ray beam energy 
Eb and the energy E — 2qmc 2 No of created pairs: one can numerically solve the energy conservation equation 
Eb = 0.1J= 2qmc 2 No({; 1 q) for appropriate range of values of the q parameter (see [Il[ for a detailed analysis on the 
choice of £). 
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FIG. 1: Envelope of created e e pair number N vs rest mass unit q for £ = 0.9632 and photon energy 1.909/ceF. 

The most probable pair number is the one that corresponds to q = 1.40 and is of the order of 10 10 pairs. The 
multiphoton order of the process as obtained by (UJ) is n — 750. 

Secondly one can also investigate the dependence of N a from £ (equivalently £ ). Using ([3]) and the data from Table 
1 we present in Figure 2, the dependence of pair number No from £ for three E e b ea m values of lGeV, 400MeU and 
200M eV, the last two being considered in order to estimate and compare pair creation efficiencies for energies that 
can be easily created with the recent technology in large laser facilities. Note that in order to obtain each of the three 
plots in Figure 2 the values of (q, n) are respectively ( 1.41, 750), (1.40, 4742), (1.40,18833). 

Each one of the curves has a different ending point, because of previous mentioned energy conservation consideration. 
The choice of plotting vs. parameter £ is justifiable, since it depends both from the electric field strength £ Q and photon 
energy and thus allowing to investigate the dependence of Nq on both of these physical quantities. By adjusting the 
photon energy and/or the electric field one can estimate the number of produced pairs for the corresponding value of £ 
from figures like Figure 2. Observe the very sensitivity of Nq from £ which is a result of resonance approximation(this 
is due to the presence of the Bessel function in rel (O). 
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FIG. 2: Log- plot of the number of created pairs No vs £ for electron beam energy lGeV (top curve), 400MeV (middle curve) 
and 2QQMeV (bottom) 



Electron beam 
energy E ebeam 


Wavelength of X ray 
laser beam (nm) 


X-ray photon 
energy (eV) 


Maximum Electric field 
Strength (V/m) 


lGeV 


0.65 


1909 


3.4 x 10 15 


AOOMeV 


4.06 


305 


5.5 x 10 14 


200MeV 


16.3 


76 


1.4 x 10 14 



Table 1. Typical parameters for obtaining Figure 2 
The electron beam charges considered for these energies case are respectively InCb for lGeV , 0.4 nCb for 400MeV 
and 0.2 nCb for 200MeV. The estimates of Figure 2 show that even if we choose to lower the electron beam energy, 
we can achieve efficient electron positron pair production ( of the order of 10 11 for lGeV , 10 10 for 400 and 200 MeV) 
and strongly suggest the possible use of this scheme for experimental observation of resonance approximation. 



III. PAIR CREATION USING A CONFIGURATION ANALOGOUS TO THE E144 EXPERIMENT. 

The second scheme proposed is based on the E144 experiment at SLAC [18|.It consists of two steps. On the first 
step a relativistic electron beam is produced and accelerated by an ultrashort laser beam of photon energy leV. On 
the second step the relativistic electron beam interacts with the main high intensity (10 20 W/cm 2 ) highly focused laser 
beam. On the electron's frame the electric field intensity of the laser beam is thus increased due to the relativistic 
factor while the focusing guarantees that the condition £ 2 — H 2 > 0, for pair creation is satisfied. On the electrons 
reference frame the electric field £* and the photon energy E* hotons are given by 

£ = 1L £laserlab (8) 
-^photons = lL Ep]- LO t ons (9) 

where j L = ^ ff" , E ebeam being the electron beam energy. 

For E e b eam = lGeV, we obtain from © E* hotons = 1.956 keV , which corresponds to A = O.lnm and £* ~ 10 15 V/m. 
We will apply the same analysis as in the section two , to estimate the efficiency of resonance approximation for this 
scheme. Using ([3]) where the interaction 4- Volume V — <t 2 (0.1A)t, A = O.lnm, a = 50um and r = 10~ 14 s ,we present 
in Figure 3 the envelope of the created pair number Nq as a function of q for £ = 0.9632 (£ is obtained with same 
considerations as before). 

The most probable process corresponds to q = 1.41 and can produce up to the order of 10 16 pairs. The multiphoton 
order of this process is n — 735. We also examine the efficiency of pair creation for two more energies of the electron 
beam, AOOMeV and 200MeV. As in section two, using formula Q and the data from Table 2 we present in Figure 4, 
the dependence of pair number No from £ for three E ebeam values of lGeV, 400MeV and 200Afel^ with corresponding 
values (q, n) for the later two energies as (1.41, 1844) and (1.40, 3686) 
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FIG. 3: Envelope of created e + e pair number iV vs rest mass unit q for £ = 0.9632 and photon energy 1.956fceV! 




FIG. 4: Log- plot of the number of created pairs iVo vs £ for electron beam energy lGeV (top curve), 400MeV (middle curve) 
and 200MeV (bottom) 



Electron beam 
energy E e _ beam 


X-ray photon 
energy (eV) 


Electric field 
Strength (V/m) 


lGeV 


1909 


4.7 x 10 15 


400MeV 


782 


7.8 x 10 14 


200MeV 


391 


1.9 x 10 14 



Table 2. Typical parameters for obtaining Figure 4 
The estimates of Figure 4 of this scheme strongly suggest the possible use of this scheme for experimental 
observation of resonance approximation ( of the order of 10 16 for lGeV , 10 15 for 400 and 200 MeV). 



IV. CONCLUSION 



The above analysis aims to support the experimental verification of e + e~ pair creation using the on resonance 
multiphoton approximation by presenting two possible schemes. One is based on using a table-top X-FEL laser system 
and the second is analogous to the E144 experiment. The numerical estimates presented that a sufficient number of 
pairs can be produced by both schemes that can reach up to the order of 10 11 pairs for the table top X-FEL and 10 15 
for the E144 like scheme. An important fact in both proposed schemes is that they use laser based modern technology 
for production and acceleration of electron beam and consequently they do not need any large acceleration facilities. 
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Moreover, since the existing laser laboratories have this kind of technology, the required experimental values of the 
parameters needed for pair production can be achieved. Our choice to carry out our numerical estimates with E e ^ eam 
no greater than lGeV is thus justified, as electron beams with energies like 400 MeV or 200 MeV can be created quite 
easily. Besides the above advantages of the two schemes, the laser beam parameters can be easily adjusted to change 
the electron beam energy, in order to operate on resonance. Moreover the criterion for the choices of the values of 
the parameters used, is that they should be close to typical values rather than extreme ones, in order to maintain 
our estimates as realistic as possible. Consequently our analysis, suggests that both of the schemes presented are 
promising for a future experimental verification of the on resonance pair production, especially when new powerful 
laser systems like X-FELyjJ, HIPERfli] and ELl[30[ are under development. 
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